A new design method of Serpentine Belt Accessory Drive (SBAD) system is put forward in which the static and dynamic performances are considered. Using the design method, the design of the SBAD system is divided into 3 stages: the designs of the belt-pulley parameters (including the installation positions, radius, moments of inertia of the pulleys, etc.), the belt pretension and the tensioner parameters. The design of the belt-pulley parameters and the belt pretension are needed to satisfy the requirements of the static performances of the SBAD system. The optimization design method is used to design the tensioner parameters which based on the dynamic performance of the SBAD system. For the optimization design, the angle fluctuation of the tensioner arm and rotation angle fluctuation of the accessory pulleys are selected as the objective functions, while the tensioner stiffness, damping and installed angle, and the tensioner arm length are taken to be design variables. Numerical solutions for a SBAD system indicate that the proposed design method of the SBAD system is feasible, and the belt slipping on the pulleys does not occur.
Introduction
Serpentine Belt Accessory Drive (SBAD) systems are widely applied to the automotive industry for the advantages of simple structure, compact layout, capability of the automatic belt tension loss compensation and so on. SBAD system performances directly affect the engine and vehicle reliability. It is one of the hot topics for domestic and foreign scholars and the engine manufacturers about how to design a SBAD system of good performance, safety and reliability.
Most early, the designs of SBAD systems were mostly based on the experiences of the designers, the belt pre-tension was determined by the experience and feel of the assemblers [1] . In the 90's, some foreign advanced design methods of SBAD system called the SP (Static Performance) method in the paper were introduced to China. For the SP method, the basic parameters of SBAD system are obtained according to a set of experience formulas firstly, such as the transmission ratio, pulley radius, belt length, etc. The final design schemes are determined after the subsequent trial-manufactures and debugs. The SBAD systems designed using the SP method can meet the requirements of the static performance [1] [2] [3] [4] . In recent years, basing on the dynamic performance, some software to design SBAD system have been developed, such as the ABDS software developed by Gates [5], the V-Ribbed Belt software developed by Mitsubishi [6], etc. The design method of SBAD systems according to those design software is called the DP (Dynamic Performance) method in the paper. Using the DP method, the dynamic performances of SBAD system can be analyzed and evaluated, the design defects can be found before produced, the design cost is reduced.
The SP method doesn't consider and evaluate the dynamic performance of SBAD system before produced, and has higher design costs, long design cycles and so on. For the DP method, the dynamic performances of the SBAD system are simulated and analyzed before produced, the unreasonable designs are lack of guidance and advice. In addition, both of two design methods do not involved the tensioner design. Researches show that the tensioner design parameters affect the dynamic performance of SBAD system, and should be considered early during the system design [4, [7] [8] [9] [10] .
The parameters of the tensioner include the performance parameters (such as the stiffness and damping of the tensioner, the length of the tensioner arm and so on), the installation position and the pre-torque. In the study, the design process of SBAD system is divided into 3 stages: the design of belt-pulleys (including the designing of the installation position, radius, moment of inertia of pulleys, the length of belt, etc.), the design of belt pre-tension, and the design of tensioner. The SP method is adopted to design the belt-pulleys and the belt pre-tension. Considering the dynamic performance of SBAD system, the optimization method is used to design the tensioner. Finally, using the design method proposed, a SBAD system is designed. The results show that the proposed design method is feasible.
Determining of Design Method of SBAD System
The SBAD system is made of many components (including crankshaft pulley, accessory pulleys, tensioner, ribbed belt, etc.), and has many parameter needed to determine (including the parameters of pulleys, belt, tensioner, etc.). The motions of various components are coupled with each other, and both of the static and dynamic performances are affected by all design parameters. A well-designed SBAD system should satisfy both of the requirements of static and dynamic performance.
The optimization design method is a common method in system design in recent years, and is used to design the SBAD system also [8] [9] [10] . In order to establish the optimization model, the objective function and optimization variables need to be determined firstly.
For the SBAD system, the installation positions of the accessory pulleys are limited by the size of the engine and vehicle, the working environment (mainly high temperature) and so on. The installation position and other parameters of the tensioner are relatively flexible, and easy to change. In the previous studies, the parameters of the tensioner are usually used as the optimization variables, and the belt transverse displacement, the rotation angle of the tensioner arm, the belt tension and so on were usually selected as the objective function [9, 10] .
The studies have proved that the SBAD system designed by the SP method can meet the requirement of the static performance, and the belt life can pass the endurance test of the belt [2, 3] .
Based on the above analysis, the SBAD system design process is divided into 3 stages: the design of the belt-pulleys, the belt pre-tension design, and the tensioner design. The SP method is employed to design the belt-pulley (see Refs. [1] [2] [3] [4] ) and the belt pre-tension. The tensioner is design according to the optimization design method basing on the dynamic performance of SBAD system.
Designing of Belt Pre-Tension
According to the principle of friction driving, it is necessary to have reasonable belt pre-tension to transmit the power effectively. If the belt pre-tension is too small, the accessories can't be driven, the slip may occur. If the belt pre-tension is larger, the stress in the belt and the radial load on the pulley bearings are bigger, the belt life and the bearing life are reduced. In order to drive accessories effectively, the effective belt tension ei T should be [3] For the elongation of the new belt is larger, the belt pre-tension 0a T when the belt is installed is selected as 1.5 times the value of the Eq. (3). [3] That is 0a 0
Designing of Tensioner
The parameters of the tensioner are divided into the performance parameters, the installation position parameters and the pre-torque. The performance parameters include the length of the tensioner arm, the stiffness and damping of the tensioner and so on.
Pre-Torque of Tensioner.
Once the parameters of the belt-pulleys and the belt pre-tension are determined, the pre-torque of the tensioner t0 Q can be derived as follow, where the positive direction is in the counterclockwise direction and the schematic diagram of the tensioner and the adjacent belt span is showed in Fig. 2 . 
In Fig. (2) and Eq. (5), 1 β , 2 β are the orientation angles of the tensioner arm relative to the two belt spans adjacent to the tensioner, t r is the length of the tensioner arm, t0 θ is the installed position angle of the tensioner arm.
Designing of Tensioner
The designs of the tensioner include determining the performance parameters and installation position of the tensioner.
Here the installed position of the tensioner refers to the installed angle position t0 θ . The relation between the installed position coordinate 
（ ，
are the center coordinates of the tensioner pulley. The dynamic performances of SBAD system include mainly: the fluctuations of the belt tension, the tensioner arm rotation angle, the pulley rotation angle and the belt transverse displacement, etc. Those fluctuations will reduce the drive efficiency of the SBAD system, increase wear, generates noise, and can contribute to eventual fatigue failure. Therefore, the fluctuations should be controlled. In addition, studies have shown that there are movement coupling between the tensioner and the belt span [7, 11] .
Based on the above analysis and calculating conveniently, the fluctuations of the rotation angle of the tensioner arm and pulleys are selected as the objective function of the optimization.
For those that the radius of the tensioner pulley and the moment of inertia of the tensioner have little effect on the system dynamic performance, the stiffness and damping of the tensioner, the length of the tensioner arm and the installation angle are selected as the optimization variables.
Hence, the optimization model of the n-pulley SBAD system is formulated as 
Where t θ , i θ denote the fluctuation amplitude of the rotation angle of the tensioner arm and the pulleys.
Applications
Model and Parameters Fig. 3 and Table 1 show the schematic diagram and parameters of the example 7-pulley SBAD system [12] . It is assumed that those selected parameters satisfy the requirements of the static performance of the SBAD system. It is the key operating mode of the SBAD system when the rotation speed of the crankshaft is 477.5 (r/min). Under the operating mode, the maximum power loss and load of accessories are showed in Table 2 . According to Newton's second law, the rotation motion equations of the SBAD system considering the belt damping are established. The rotational vibration equations are achieved by linearizing the rotation motion equations (see Ref. [13] ). The excitation considered herein model is 
Where n denotes the rotation speed of the pulley 1 (the crankshaft pulley).
Numerical Results and Discussion
Eqs. (3)- (5) 
The upper and lower limits of the optimization variables are defined as Tab. 3 and Figs. 4-6 show the comparison of the tensioner parameters, the fluctuations of the belt span tension, the rotation angle of the pulleys and the tensioner arm between the origin SBAD system and the new SBAD system designed using the proposed design method partly. It can be seen that for the new SBAD system, t k and t0 θ increase, t c and t r decrease, the fluctuations of the belt span tensions, the rotation angles of the pulleys and the tensioner arm almost remain the same as the origin one. The maximum fluctuation amplitude of the rotation angle of the tensioner arm is less than 3 ( . ), and satisfy the industry requirements [14] .
The slip factor histories for the accessory pulleys are shown in Fig. 7 partly. It can be seen that the slip factors is less than 1, and the belt slipping on the pulleys don't occur [12, 13] .
The results indicate the proposed design method is feasible.
(a) the pulley 5 (b) the pulley 7 Figure 7 . Histories of the slip factors.
Conclusions
Considering synthetically the static and dynamic performance of SBAD system, it is proposed that the SBAD system design process is divided into 3 stages: the designing of the belt-pulley, the belt pre-tension, and the tensioner. The belt-pulley and belt pre-tension are designed according to the SP method. The optimization design basing on the system dynamic performance is employed to design the tensioner. The calculated results of the example SBAD system show that the method proposed is feasible.
